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Preface 
I 
Preface 
The present thesis shows the results that I achieved during my time as a researcher in 
the research group of Dr. Dirk Dorfs, a subgroup of Prof. Dr. Jürgen Caro’s group, at 
the Gottfried Wilhelm Leibniz Universiät Hannover, Institute of Physical Chemistry 
and Electrochemistry from 2012 until 2016. The work was financed by DFG research 
grant DO 1580/3-1 under the guidance of Dr. Dirk Dorfs and Prof. Dr. Jürgen Caro. 
In this thesis 4 selected scientific articles are presented, of which I am the first 
author. Furthermore, I am co-author of 3 publications that are not included in this 
thesis, yet have been written during the time of my dissertation and are listed in 
chapter 6. In the following I will point out my contributions to the articles included in 
this thesis. I would like to acknowledge the supervision, support and valuable 
discussions during the preparation of all manuscripts by Dr. D. Dorfs.  
The first article, Tuning the LSPR in Chopper Chalcogenide Nanoparticles by Cation 
Intercalation, Cation Exchange and Metal Growth, which is presented in chapter 2.2, 
was written by me. I conducted the syntheses, sample preparations, optical 
spectroscopy, X-ray diffraction (XRD) analysis, energy dispersive X-ray (EDX) 
spectroscopy measurements, scanning transmission electron microscopy (STEM) 
measurements, atomic absorption spectroscopy (AAS) and all data interpretations. 
Some preliminary cation exchange experiments were conducted by T. Kodanek during 
his master thesis under my supervision. Furthermore, the conventional transmission 
electron microscopy (TEM) measurements by him are kindly appreciated. 
The second article, Growth of Cu2–xSe–CuPt and Cu1.1S–Pt Hybrid Nanoparticles, is 
presented in chapter 2.3, was written by me. Here I performed the syntheses, sample 
preparations, optical spectroscopy, XRD analysis, EDX spectroscopy measurements, 
STEM measurements, AAS and all data interpretation. I thank D. Hinrichs for the 
conventional TEM measurements; Dr. J. Sann for the X-ray photoelectron 
Preface 
II 
spectroscopy (XPS) measurements and support with XPS data interpretation; and J. F. 
Miethe for the measurements of cyclic voltammograms. 
The third article, Synthesis of Plasmonic Cu2-xSe@ZnS Core@Shell Nanoparticles, is 
presented in chapter 3.2, was written by me. I performed the syntheses, XRD analysis, 
optical spectroscopy, STEM measurements and all data interpretations. The 
conventional TEM measurements by D. Hinrichs and the electrodynamic calculations 
by T. Härtling are kindly appreciated.  
The fourth article, Plasmonic Semiconductor Nanoparticles in a Metal-Organic 
Framework Structure and Their in Situ Cation Exchange, is presented in chapter 4.2, 
was written by me. I conducted the syntheses (except ITO NP fabrication), most EDX 
spectroscopy measurements, STEM measurements, optical spectroscopy, XRD 
analysis, AAS and all data interpretations. I am grateful to T. Kodanek for the 
conventional TEM measurements; to F. Lübkemann for the EDX spectroscopy 
measurements of the ITO@ZIF-8 particles, and the SEM measurements; to T. 
Mohamed for the ITO NP synthesis; and to L. Diestel and Prof. J. Caro for the ZIF-8 
XRD simulation as well as valuable discussions. 
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Abstract 
This thesis explores multiple approaches to tune the localized surface plasmon 
resonance (LSPR) of colloidal copper chalcogenide nanoparticles (NPs). The main 
focus lies on two representatives of this group: degenerately copper-vacancy doped 
Cu2-xSe NPs, and Cu1.1S covellite NPs, whose high charge carrier density originates 
from lattice constitutional free holes. Both exhibit, by redox reactions post 
synthetically tunable LSPRs. 
The first objective of this thesis was to reduce the air-sensitivity after the controlled 
tuning of the LSPR. In order to achieve this, a partial cation exchange, and 
intercalation of Ag(I) and Au(I) into Cu2-xSe and Cu1.1S was conducted, respectively. 
The changes of the LSPR were then compared to the changes induced by Cu(I) 
treatment. The results showed that the damping and shifting of the LSPR caused by 
Ag(I) and Au(I) are significantly more stable under exposure to air. Furthermore, 
metal-copper chalcogenide hybrids were grown. Specifically, dual plasmonic Au-Cu2-
xSe NPs with surprisingly little interaction between the two LSPRs, as well as CuPt-
Cu2-xSe and Pt-Cu1.1S hybrids, were synthesized. The growth of Pt containing domains 
resulted in the complete damping of the LSPR with already very small amounts of Pt.  
The second objective of the present work was the separation of the plasmonic core 
from environmental influences. A synthesis strategy was developed which yielded a 
crystalline, closed ZnS shell with controlled and homogeneous thickness. The resulting 
Cu2-xSe@ZnS core@shell NPs were fabricated under preservation of the plasmonic 
properties of the core. The ZnS shell significantly slowed down oxygen induced 
oxidation of the core, and protected it fully against strong reducing agents.  
In a further step, p-type doped Cu2-xSe NPs as well as n-type doped indium tin oxide 
(ITO) NPs were encapsulated in nanoporous ZIF-8 particles. The encapsulation was 
achieved under conservation of their individual plasmonic properties, with independent 
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control over the loading and size of the resulting Cu2-xSe@ZIF-8, and ITO@ZIF-8 
composite particles. The encapsulation fixed the NPs within the framework, preventing 
agglomeration, but at the same time allowed controlled access to the NPs. The 
accessibility was shown by in situ cation exchange reactions of the Cu2-xSe@ZIF-8 
composite particles, yielding Ag2Se@ZIF-8 and HgSe@ZIF-8 composites, while 
retaining the structural integrity of the ZIF-8.  
In summary, multiple approaches to tune and stabilize copper chalcogenide NP 
LSPRs were developed. 
 
 
Keywords:  Localized Surface Plasmon Resonance, Nanoparticle, 
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Zusammenfassung 
V 
Zusammenfassung 
Die vorliegende Dissertation untersucht mehrere Methoden die lokalisierte 
Oberflächenplasmonenresonanz (LSPR) von Kupfer-Chalkogeniden einzustellen. Der 
Schwerpunkt wurde dabei auf zwei Vertreter dieser Gruppe gelegt: durch 
Kupfervakanzen entartet dotierte Cu2-xSe Nanopartikel (NP) und Cu1.1S Covellin NP, 
deren hohe Konzentration an freien Ladungsträgern durch strukturbedingte 
Elektronenfehlstellen hervorgerufen werden. Beide Verbindungen besitzen LSPR, 
welche durch Redoxreaktionen einstellbar sind.  
Ein Schwerpunkt der hier vorgestellten Dissertation war die Reduzierung der 
Luftempfindlichkeit nach der kontrollierten Einstellung der LSPR. Hierfür wurden 
Ag(I) und Au(I) in Cu2-xSe und Cu1.1S über Kationenaustausch bzw. 
Kationeninterkalation eingebracht. Die auftretenden Änderungen der LSPR wurden 
mit denen, die durch die Behandlung mit Cu(I) hervorgerufen wurden, verglichen. Die 
Ergebnisse zeigten, dass die durch Ag(I) und Au(I) verursachten Dämpfungen und 
Verschiebungen eine signifikant höhere Beständigkeit gegenüber Sauerstoff 
aufweisen. Darüber hinaus wurden in dieser Arbeit auch Kupfer-Chalkogenide-Metall 
Hybride synthetisiert. So wurden dual-plasmonische Au-Cu2-xSe Hybride, deren 
LSPRs nur minimale Wechselwirkungen aufweisen, sowie CuPt-Cu2-xSe und Pt-Cu1.1S 
Hybride dargestellt. Hierbei sorgten bereits geringe Menge an Pt für eine vollständige 
Dämpfung des LSPR. 
Ein weiterer Kernpunkt dieser Arbeit war die Abschirmung des plasmonischen Kernes 
von Einflüssen des umgebenden Mediums. Es wurde eine Synthesestrategie 
entwickelt, welche zum erfolgreichen Aufwachsen einer geschlossenen, homogenen 
und kristallinen ZnS-Schale führte, deren Stärke einstellbar ist. Die plasmonischen 
Eigenschaften des Kernes wurden in den resultierenden Cu2-xSe@ZnS Kern@Schale 
NP erhalten. Die ZnS-Schale führte zu einer signifikanten Verlangsamung der 
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Sauerstoff induzierten Oxidation des Kernes, und schirmte diesen außerdem 
vollständig gegen starke Reduktionsmittel ab.  
Des Weiteren wurden sowohl p-dotierte Cu2-xSe NP, als auch n-dotierte 
Indiumzinnoxid (ITO) NP in nanoporöse ZIF-8 Partikel eingebunden. Die 
Einkapselung erfolgte unter unabhängiger Kontrolle über Beladung und Größe der 
Cu2-xSe@ZIF-8 und ITO@ZIF-8 Kompositpartikel, wobei die individuellen 
plasmonischen Eigenschaften bewahrt wurden. Durch Fixierung der NP in der 
Gerüststruktur wird eine Agglomeration verhindert. Zugleich bleibt jedoch der Zugang 
zu den NP erhalten. Dies wurde gezeigt durch die Umwandlung von Cu2-xSe@ZIF-8 in 
Ag2Se@ZIF-8 bzw. HgSe@ZIF-8 Komposit-Partikeln durch in situ 
Kationenaustauschreaktionen. Hierbei wurde die strukturelle Integrität des ZIF-8 
erhalten.  
Zusammenfassend wurden vielfältige Ansätze entwickelt, die die erfolgreiche 
Einstellung und Stabilisierung von Kupfer-Chalkogenid NP LSPR ermöglichen. 
 
Schlagwörter:  Lokalisierte Oberflächenplasmonenresonanz, Nanopartikel,  
 Kupfer-Chalkogenide 
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1 Introduction 
1.1 General Introduction and Motivation 
Nowadays, nanoscience has become a focus point within research activities.
1-3
 The 
tuning of properties by control over composition, size and shape represents a 
promising potential for applications in many different sectors, like e.g. photovoltaic, 
optoelectronic, catalytic or bio/medical fields. Advanced synthesis methods, developed 
within the last 30 years since the Henglein group started the colloidal semiconductor 
nanocrystal (NCs)
4,5
 – quantum dots- research, enable the controlled synthesis of 
advanced shapes, while enabling high control over composition and crystal phase. For 
semiconductor nanoparticles (NPs) in a size regime of and below the size of the 
exciton, the confinement causes the quantization of their energy levels.
6
 The resulting 
optical properties have fueled the research in size and shape controlled syntheses, as 
well as in the development of their applications, e.g. in solar cells, displays and 
biological imaging.
3,7
 
Nanosized noble metal nanoparticles exhibit a different, but at the same time highly 
fascinating effect. When their free electrons are excited by an electromagnetic field, 
they collectively oscillate. Due to the small particle size this coherent oscillation 
cannot propagate. When the frequency of the exciting light becomes resonant with the 
electron oscillation, this is called localized surface plasmon resonance (LSPR).
8-10
 The 
material, size, shape and wavelength dependent absorption and scattering properties, 
caused by the LSPR, were (unknowingly) used since the seventeenth century, when 
church glass windows were stained red and purple, by what nowadays are known to be 
gold nanoparticles.
11
 After intensive research in the last decades, the decorative feature 
is only a small fraction of the possible applications from LSPRs. LSPRs are used in a 
broad range of applications, such as surface enhanced Raman spectroscopy 
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(SERS),
9,12,13
 plasmon enhanced fluorescence,
13,14
 bio-diagnostics (e.g. pregnancy 
tests),
15-17
 photothermal therapy,
18
 light antennas or scattering elements in 
photovoltaics,
19
 etc.  
However, noble metal based plasmonic NPs exhibit also considerable disadvantages. 
A significant tuning of their LSPRs is mainly possible during synthesis by control over 
shape and composition. Furthermore, noble metal NP LSPRs are mostly restricted to 
the visible spectral range, owing to their high charge carrier densities of 10
22
-10
23
 cm
-3
, 
and can be shifted into the second biological window in the NIR only with very large 
particles or shape control. This spectral region of 1000-1350 nm is highly interesting 
for biological applications, as body tissue exhibits at these wavelengths low absorption 
coefficients, thus enabling a deep penetration depth.
20-22
 Both limitations can be 
overcome by materials with a slightly lower and tunable free carrier concentration – 
degenerately doped semiconductor nanoparticles. Their tunable charge carrier density 
of up to 10
21
 cm
-3
 still supports a plasmon resonance, but is more than a magnitude 
lower than that of noble metals. Therefore the LSPR of these NPs is situated in the 
NIR or MIR part of the spectrum.
23-25
 Hence, degenerately doped semiconductor NPs 
present a continuous bridge between metal NPs and intrinsic semiconductor NPs. 
Copper chalcogenides (e.g. Cu2-xSe, Cu2-xS, Cu2-xTe) are attractive materials, as they 
have a high environmental compatibility, high biocompatibility, high abundance and 
comparably low costs.
26,27
 Furthermore, they allow a continuous study of their 
properties depending on their charge carrier concentration. As vacancy doped 
semiconductors, their charge carrier concentration can be controlled by defining their 
vacancy density. A process that can be easily achieved post synthetically through 
oxidation and reduction.
23,24,28
 Several articles in recent years have proven the origin of 
their strong NIR absorbance band to be a LSPR and studied its dependence on the 
vacancy state, refractive index of the environment, plasmon coupling, etc.
23,24,28-33
 A 
special case is covellite (Cu1.1S) as it is a stoichiometric compound with lattice 
constitutional free holes. 
While their highly adjustable properties are advantageous, on the one side, it also 
raises concerns with respect to future applications. Even though the application of this 
material was shown to be usable in a laboratory environment (e.g. for photothermal 
therapy
34
 and pet sterilization
35
) strong concerns are the long term stability of their 
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optical properties. Therefore, in this thesis various chemical approaches to tune the 
LSPR of Cu2-xSe and Cu1.1S are investigated with a special focus on increasing the 
chemical and optical stability of the particles while retaining their accessibility for e.g. 
sensing applications and their strong LSPR for e.g. photothermal therapy. 
The high sensitivity of copper chalcogenide NPs LSPRs towards oxygen of ambient 
air has been described in literature.
23,24
 Attaining higher stability of the as needed 
tuned LSPR should therefore be studied to facilitate applications beyond laboratory 
conditions. Hence, chapter 2.2 of this thesis compares the temporal stability of the 
changes induced to the LSPR of Cu2-xSe berzelianite and Cu1.1S covellite NPs by 
reduction with Cu(I) ions to the effects that result from Ag(I) and Au(I) ion treatment.  
So far in literature mainly the exciton – plasmon coupling in intrinsic semiconductor 
– metal hybrids (especially Au-CdSe and Au-CdS hybrids)36-39 has been studied. 
However, the interactions of metal domains with heavily doped plasmonic 
semiconductor NPs have been subject of only few recent articles.
40-42
 In order to 
further the understanding of the interactions between highly p-type doped 
semiconductor and metal domains in hybrid NPs synthesis protocols for respective 
hybrids need to be developed, and their optical changes because of the metal domain 
be investigated. This is done in chapter 2. Specifically, in chapter 2.2 the growth of an 
Au domain, in a mild reaction condition, onto an existing Cu2-xSe NP is developed. 
Subsequently, the interactions of the two LSPRs of the synthesized Cu2-xSe-Au hybrid 
NP are characterized. Additionally, the strong influence of Pt containing metal 
domains on the LSPR of a copper chalcogenide NP is presented in chapter 2.3, by 
synthesizing and characterizing Cu2-xSe-CuPt and in Cu1.1S-Pt hybrid structures. 
Whereas enhancing the LSPR stability by cation exchange is one approach, the 
physical protection of the plasmonic LSPR is another. A classic approach in 
nanoscience is the separation of the optical active core from the environment by an 
inert inorganic shell. Protecting the Cu2-xSe NPs from the environment is important in 
bio-applications, to avoid uncontrolled alteration of the optical properties or even fast 
disintegration of the whole Cu2-xSe NPs. In order to study the effect of an inorganic 
shell on plasmonic Cu2-xSe NPs, Cu2-xSe@ZnS core@shell particles are fabricated. 
The thickness controlled synthesis procedure of such a homogeneous ZnS shells is 
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presented in chapter 3. The protective properties and the effect on the core NP LSPR is 
then compared to the uncoated NPs when exposed to air and reducing agents. 
The complete encapsulation with a closed, inorganic shell is especially interesting for 
applications as photothermal agent, as these do not require direct access to the 
plasmonic core. For applications in sensing this is an unsuitable approach, as for this 
the shell needs to allow the penetration of the analyte, while ideally protecting the 
plasmonic NPs from the matrix. With a defined pore size zeolitic imidazolate 
framework-8 (ZIF-8) offers these properties. Accordingly, the encapsulation procedure 
of multiple plasmonic semiconductor NPs in a nanoporous ZIF-8 crystal is shown in 
chapter 4. The fixation of p-type doped Cu2-xSe, as well as n-type doped indium tin 
oxide (ITO) NPs in the metal-organic framework prevents agglomeration under 
preservation of their individual plasmonic properties in the resulting Cu2-xSe@ZIF-8 
and ITO@ZIF-8 composite particles. Moreover, the in situ cation exchange of the 
encapsulated Cu2-xSe NPs is shown, resulting in Ag2Se@ZIF-8 and HgSe@ZIF-8 
composites. 
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1.2 Nanoparticle Synthesis 
1.2.1 Direct NP Synthesis 
The development in semiconductor nanocrystal syntheses since the 1980s
5,6
 resulted 
in a vast amount of synthesis protocols that enable high control during synthesis. 
Today, the nanocrystal community is able to specifically fabricate colloidal 
nanoparticles with defined sizes, morphologies and aspect ratios for many chemical 
compositions.
1,3,43-45
 While the focus of research was first on the development of 
colloidal semiconductor materials, synthesis concepts have been transferred to the 
synthesis of other materials (e.g. metals and metal oxides).
46
 
From the various approaches, the surfactant controlled growth in hot organic solvents 
especially results in high quality semiconductor nanoparticles (NPs). Generally, for 
this strategy the synthesis is controlled by the precursor(s), organic ligands(s), 
solvent(s) and the temperature program. At sufficiently high temperatures the 
precursors decompose yielding the atomic or molecular reactant, which later form the 
nanocrystals. The formation generally occurs in two steps: the nucleation and the 
subsequent growth of the NPs.
46
 The importance of the separation of nucleation and 
growth for a small size distribution was already discussed by LaMer et al. in the 
1950s.
47
 
One method, resulting in high quality semiconductor NPs with a small size 
distribution, is the hot-injection approach and was originally developed by Murray et 
al.
44,48
 The “cold” solution of precursors are  rapidly injected in the reaction solution at 
high temperatures causing a sudden decomposition of the precursors resulting in a 
supersaturation of the reactive monomers, followed by a discrete nucleation burst. The 
monomer consumption, and the accompanying temperature drop cause a rapid 
decrease of the reactant concentration below the nucleation limit preventing further 
nucleation during the subsequent growth of the initially formed seeds. The surfactants 
in the reaction medium attach to the surfaces of the growing NCs, stabilize them, 
slowing the growth rate and hence allowing the NCs to aneal.
44,46,49
 
The heat up approach was developed later. For this purpose the precursors are mixed 
at low temperatures. The nucleation and the following growth process are initiated 
through a fast heating of the complete reaction mixture. While comparably giving less 
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control over the separation of nucleation and growth stage, the advantage of this 
method is that it is potentially more scalable and gives a higher reproducibility.
49
 
Stopping the reaction after depletion of the monomers is essential, as the critical size 
will become larger than the size of the formed NCs, resulting in a wider size 
distribution due to Ostwald ripening.
46
  
These methods often use a kinetic control, achieved by fast growth rates to limit size 
distribution and realize shape control. The growth rate of a crystal facet is 
exponentially increasing with its surface energy.
46
 Hence, crystal facets with larger 
surface energy grow faster in a kinetically controlled synthesis, enabling the 
fabrication of non-spherical, non-equilibrium NCs, such as: platelets, disks, rods and 
multipods.
50-57
 This can be further directed through the choice of ligand(s) that 
selectively coordinate only to certain crystal facets, reducing their surface energy.
46
 
 
1.2.2 Core@Shell NP Synthesis 
Since the late 1980s, research showed that the properties of colloidal nanoparticles 
can be modified and improved by being covered with an inorganic shell material.
5,58
 
For example the growth of a shell on semiconductor NPs enables the trapping of the 
excited electron and the electron hole of an exciton in specific parts of the core@shell 
particle, depending on the energy levels of the chosen material combination. Type I 
structures (energy gap of the core lies within the energy gap of the shell) for example 
enable the confinement of the exciton in the core, the passivation of the core surface 
and the core’s separation from the surrounding medium.58-61 Additional to enhanced 
optical properties,
59,61,62
 the core protection with a shell can also result in a better core 
stability and a higher biocompatibility through the choice of a less toxic shell 
material.
63,64
 
The optical properties of plasmonic metal core NPs are as well strongly depending 
on the shell material. Coating a metal NP with different dielectric materials is changing 
its dielectric environment, which results in a shift of its LSPR (as will be discussed in 
detail in chapter 1.3.1). 
65-70
 
Multiple approaches are available for the synthesis, and they can be grouped into two 
types. The one batch approach: firstly the core NP is synthesized, and without an 
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intermediate cleaning step, the shell is grown by the subsequent addition of the shell-
precursors. Contrary, in the second approach the core particles are synthesized, 
cleaned, and in a second step brought into the reaction medium for the shell growth. 
While the one batch is less tedious, the separation of core and shell growth avoids 
impurities and gives a higher control of the reaction conditions.
71
  
A key factor for the successful growth of the shell is the inhibiting of homogeneous 
nucleation of separated shell material NPs. This fact, and the controlled thickness of 
the shell deposited can be realized similarly to the homogeneous nucleation of NPs, by 
the core accessibility (e.g. through suitable ligands), precursor reactivity, addition 
sequence, addition rate, and temperature program.
39
 
 
1.2.3 Cation Exchange in Ionic NPs 
As discussed before, the fabrication of NPs of various sizes, shapes and compositions 
can be achieved through a diverse range of direct synthesis approaches. However, 
many other NP compositions are still not realizable. The development of synthesis 
protocols especially for multi element alloys can be an extremely challenging, and in 
some cases an impossible task due to the different reaction kinetics of the employed 
precursors. Cation exchange (CE) enables the access to these previously not available 
NCs. Via CE NCs of the intensely studied II-VI and IV-VI compounds, which can be 
readily synthesized in various sizes and shapes, can be transformed in a simple step.
72-
76
 For example, it was used to synthesize sphalerite CdSe NC from cubic Cu2-xSe NCs, 
which subsequently were used in a seeded growth approach resulting in octapod 
shaped CdSe NPs.
53
 Although this technique was known from bulk material for 
decades, it only started to get into focus of NP synthesis in the last decade after a work 
from Son et al.
77
 Even so, first works have been already presented in the early 
1990s.
78-80
 The advantage for the reaction with NCs is the reaction speed, as a full 
exchange at room temperature can often be achieved within seconds (compared to 
several weeks at high temperature for bulk materials) due to their large surface area, 
much shorter diffusion length and lower activation barriers for diffusing ions.
72
  
A CE process can be illustrated as followed (for a simplified case of an isovalent 
CE): 
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To understand the overall energy balance, and thermodynamic driving force of the 
process Rivest et al. proposed to split it into 4 steps: dissociation of   , desolvatation 
of   , association of   and   and solvation of  . Association and dissociation steps 
are defined by the lattice and surface energies. The solvation and desolvation energies 
of the cations are defined by the involved ions, solvents and possible ligands. 
Furthermore, for non-isovalent CEs the entropy has to be taken into account. In 
addition, also reaction kinetics, such as activation barriers and mobility of ions have to 
be considered.
72,73
 
Full CE allows the synthesis of NPs with a homogeneous composition that might not 
be directly accessible, on the other hand partial CE enables the fabrication of hetero 
structures. Depending on the miscibility of the starting and exchanged material, a 
partial cation exchange can lead to alloyed, segmented or core@shell structures.
73
 
Particularly, copper chalcogenides have been found to be an efficient starting 
point
53,81-87
 (respectively intermediate and final product)
76,88-94
 for CE reactions. Their 
suitability for CE protocols is partially due to the high mobility of Cu(I) ions, 
originating from their small size and charge.
27
 However, the cation mobility (Cu(I) and 
guest cations) is also enhanced because of the high amount of copper vacancies in the 
nanocrystals, which further boost the cation exchange.
73,82,95,96
 An interesting recent 
work on a partial cation exchange with covellite NPs by Xi et al. examined why 
divalent ions could only be exchanged into the particle in a reducing environment. 
They authors showed that an reducing agent aided in the braking of the, for covellite 
typical, S-S bonds, allowing the bivalent ions to push out Cu(I) ions either to solution 
or to other regions of the NP. Hence forming CdS or HgS domains in a copper sulfide 
particle, but not allowing a full cation exchange.  
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1.3 LSPR Theory in Metals 
1.3.1 Drude-Sommerfed Theory 
The Drude-Lorentz-Sommerfeld model is a simplified approach to model the 
dielectric function of metals. It explains the optical properties of metals by treating the 
conduction band electrons as quasi-free electrons that form an electron gas and move 
against the immobile positive ion cores.
8-10
 The contributions of valence band electrons 
(e.g. through interband transitions) to the spectra are however neglected in the Drude 
theory. Due to the neglect of these effects, considerable deviations are observed in the 
visible and ultraviolet spectral range, as photons have enough energy to excite 
interband transitions. Nonetheless, for the near-infrared spectral region it models well 
the optical behavior of free-electron metals.
8,9
 The Drude model further assumes that 
the electrons in a metal particle behave coherent upon excitation, and treats the 
macroscopic response as a multiple of the behavior of an individual electron with the 
electron density.
8
 
The motion of a free electron with the elementary charge   and the effective optical 
mass      (to account for the interactions of the electrons with the ion cores) can be 
described as follow: 
 
    
   
   
      
  
  
     
      1 
Where      
     is the electrical component of the exciting electromagnetic field 
that leads to the displacement   of an electron.8   denotes the phenomenological 
damping constant of the oscillation of the free electrons due to collisions with 
phonons, electrons, lattice defects, and impurities. Additionally it is related by 
  
 
 
 
  
 
 to   the mean time between two subsequent collision events of an electron. 
  denotes the mean free path of an electron and    the Fermi velocity. As a result of the 
displacement of the electron, a charge separation is created, which causes the dipole 
moment  .8,9 By multiplying this by , the number of electrons per unit volume, one 
obtains the polarization  : 
             2 
Furthermore, we assume an isotropic media (   ). The frequency dependent 
dielectric function      relates to the polarization by: 
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with    being the vacuum permittivity. Furthermore,      relates to the complex 
index of refraction by                      , with       being the real part 
of the refractive index, and      the extinction coefficient.8,9 Hence, the complex, 
frequency dependent dielectric function of a system with free electrons is given by:
10
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With   the plasma frequency of the free electrons:
10
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The real and the imaginary parts of the dielectric function are written as: 
10
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The polarization of the material is represented in the real part       of the dielectric 
function, whereas the absorption (e.g. due to interband transitions) is represented in the 
imaginary part      .
8,9
 
 
1.3.2 Quasi-Static Approximation 
A plasmon is the density oscillation of the free charge carriers in a conductor. At the 
interface between a conductor and a dielectric material the so called surface plasmon 
can propagate along the surface. Due to the spatial confinement in small particles this 
propagation is not possible. The localized surface plasmon resonance (LSPR) occurs, 
when the frequency of the exciting electromagnetic field is coherent with the free 
charge carrier eigenfrequency in the particle and couples resonantly with the 
oscillation.
9
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Figure 1: Schematic drawing of a metal nanoparticle in a harmonically oscillating 
electric field. The charge carriers follow the external excitation, resulting in 
an oscillation of the surface charge carrier density.  
If a small (with respect to the wavelength of the light) conductive nanoparticle is 
illuminated by the electromagnetic wave of the light, the electrons move with the 
oscillation of the exciting field while the positive core ions are immobile. This changes 
the charge carrier density at the surface of the nanoparticle. Hence, it creates an 
electric dipole that scatters light.  
 
Figure 2: Schematic picture of the quasi-static approximation, a small metal 
nanoparticle (      is placed in an external electric field (Eext). Due to its 
comparable small size the field is assumed to be spatially homogeneous 
within the whole particle volume. 
An approach for a simplification of this complex matter is the so-called quasi-static 
approximation. It can be applied for the interaction of a particle which size is much 
smaller than the wavelength of the exciting light (     . Under this boundary 
condition, the oscillating field can be assumed to be spatially constant within the whole 
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volume of the nanoparticle, and charge carriers to react in coherence. Because of this 
retardation effects can be neglected.
8,9
 
To understand the optical response of a homogeneous, isotropic spherical 
nanoparticle (radius  ), the field distribution needs to be described. For this purpose 
the Laplace’s equation (Eq. 8), with   denoting the electric potential is solved as 
follows: 
        8 
The relation of the potential  to the electric field   is given by: 
         9 
The field lines of the electrical field that is surrounding the sphere are parallel in z 
direction in sufficient distance to the particle. The surrounding medium possesses the 
dielectric constant    and is further non-absorbing and isotropic.
9
 Within these 
boundary conditions the internal electrical field     results to:
8
 
 
    
   
        
     10 
     is denoting the dielectric function of the sphere material. Via the dipole 
moment  , caused through the electron displacement by the exciting field   , the 
polarizability   of the sphere can be received:8 
           11 
 
       
 
       
        
   12 
It can be seen in Eq. 10 and Eq. 12 that the internal electrical field     and the 
polarizability  , respectively, become resonant when            is reaching a 
minimum. Furthermore, it is apparent that the plasmonic properties (via the 
polarizability  ), of the sphere are depending on the material through the dielectric 
function     , its radius  , and the surrounding medium through its dielectric constant 
  . For non-spherical shapes the polarizability may vary for different spatial 
directions, resulting in an optical response that is shape dependent within the 
boundaries of the quasi-static approximation.
97
 If the imaginary part         is very 
small, or very little frequency dependent the resonant condition simplifies to the 
Fröhlich condition:
8,10
 
1 Introduction 
13 
            13 
The polarized charges at the surface of the particle, caused from the displacement of 
the charge carriers in the electric field, lead to Coulomb restoring forces. When Eq. 13 
is satisfied, a collective oscillation of the charge carrier arises (relative to the nuclei) at 
the frequency      , the so called localized surface plasmon resonance (LSPR). It can 
be calculated when Eq. 6 is combined with Eq.13:
8,32
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Inserting Eq. 5 for the bulk plasma frequency results in: 
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For a small damping constant   with respect to the bulk plasma frequency    
(    ) Eq.14 simplifies to: 
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The phenomenological damping constant is represented as the spectral linewidth of 
the LSPR band.
84,98
  
Naturally Eq. 16 can be converted to the LSPR wavelength      : 
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It is apparent that within the quasi static approximations the particle size does not 
influence the position of the LSPR, and that the frequency is lower than the bulk 
plasma frequency   . As evident in Eq. 10 and Eq. 12, an unlimited increase of the 
inner field     and the polarizability   are not possible due to the imaginary part of the 
dielectric function      .
9
 As a consequence of the enhanced polarizability, the 
absorption and scattering intensity are enhanced at the resonance wavelength, when the 
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denominator            is passing through a minimum. The wavenumber is 
denoted with  
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For a sphere the extinction cross section (      is the sum of the absorption (      
and the scattering cross section (     :
9
 
                21 
 
In summary, the surrounding medium (    has a strong influence on the resonance 
frequency as it is apparent in Eq. 14. As an increase of the dielectric constant of the 
surrounding    causes a bathochromic shift of the resonance frequency (lower 
frequency       and longer wavelength      ). It further influences the absorption, 
and scattering cross-section. Furthermore, the LSPR dependents on the material itself 
through the charge carrier density (which is related to the doping degree for 
semiconductors), its dielectric function, lattice structure, etc. Within the boundaries of 
the quasi-static approximation, the position of the localized surface plasmon resonance 
frequency of a metallic sphere is independent of its size. However, the intensity of 
absorption is dependent on the particle radius to the power of three, and the scattering 
intensity by the radius to the power of six. Hence, the extinction of smaller particles is 
dominated by their absorption and for larger particles by their scattering. As an 
example, the change from absorption to scattering dominated gold NP occurs at a size 
of roughly 20 nm (in a medium with n=1.52). The consequence is that smaller Au NPs 
are primarily absorbing green light, while larger NPs are predominantly scattering 
green light and appear in a red color or a green color respectively.
97,99
 For larger 
particles the quasi-static approximation is not valid, as the electrical field can no longer 
be assumed to be constant within the whole volume of the plasmonic particle. As 
consequence of this inhomogeneity retardation effects have to be accounted for. 
Experiments on plasmonic particles observed that the LSPR band broadens and 
bathochromically shifts with decreasing size when the particles are smaller than the 
mean free path of the charge carrier. The deviation from the damping constant   of the 
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free Drude electron gas was attributed to surface scattering effects of the free charge 
carriers. Following this, the above introduced damping constant is expanded by a size 
depend term:
23,100
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1.3.3 Mie Theory 
In larger sized particles retardation effects, as well as higher mode resonances are 
present. Hence, the quasi-static approximation can no longer be applied. In 1908 
Gustav Mie developed a theory to understand the extinction and scattering of colloids 
via an electrodynamic approach. He solved Maxwells equation in order to obtain a 
description of the absorption and scattering properties of gold particles suspended in 
water. For this purpose he defined boundary conditions (e.g. the confinement of the 
electron density within the radius R of the particle) and used multipole conditions for 
the exciting electromagnetic field. This complex mathematical approach became later 
known as Mie theory.
8,9,101
  
Mie calculated the optical response starting from the particle size, and the 
phenomenological optical functions of the particle material and its surrounding 
material.
8
 By applying the phenomenological dielectric function       , he accounted 
for deviations with respect to the bulk dielectric function. The extinction and scattering 
cross sections are given by: 
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   and    denoting the scattering coefficient,   the size parameter (      ) and   
the complex index of refraction of the particle material, and    the real index of 
refraction of the surrounding medium.      , and   
     being the Riccati-Bessel 
functions.
8,10
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With  , the summation index, the order of the spherical multipole in the particle 
extension is given. Hence, it gives the electric and magnetic dipole (L=1), quadrupole 
(L=2), octupole (L=3), etc.
8
  
It is important to mention that the particles analyzed in this thesis are small enough, 
that an analysis via the quasi-static approximation gives relative exact result and no 
Mie theory is applied. 
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1.4 Plasmonic Semiconductor Nanoparticles 
 
Figure 3: The diagram illustrates the dependence of the LSPR frequency (and 
wavelength) on the charge carrier density, and the consequential number of 
free charge carriers per single NC depending on its size. The LSPR 
wavelength was calculated applying Eq 18.      is assumed to be that of a 
free electron, and toluene is used as medium with   =2.25. (Figure adapted 
by author from reference 
23
) 
The resonant interaction of the free charge carriers with the electromagnetic field of 
the exciting light has been observed and studied meticulously for noble metal NPs in 
the last decades. In particular, the LSPRs of Au NPs, but also from Ag and Cu NPs 
have been investigated. Due to large charge carrier densities of 10
22
-10
23
 cm
-3
 their 
LSPRs are in the UV/Vis spectral range. While it can be tuned during synthesis by 
defining material composition, size and shape, changes thereafter are only possible in a 
very limited magnitude by variations of the dielectric environment. In contrast, 
semiconductor carrier densities, and thus their LSPR, can be controlled via their 
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doping concentration. With self-doping (e.g. Cu2-xSe, Cu2-xS, Cu2-xTe), impurity 
doping (e.g. ITO and Al doped ZnO (AZO)), and structural oxygen- deficiencies (e.g. 
WO3-x, MoO3-x) their charge carrier density can be raised to up to 10
21
 cm
-3
.
23-25,31,102-
104
 For degenerately doped semiconductor NPs, this results in optical properties that 
correspond rather to a metal than a semiconductor (outside the range of the band 
gap).
23-25,56
 The compared to noble metals lower charge carrier density, results in a 
LSPR in the NIR or MIR also for NPs smaller than 15 nm (see Figure 3 for charge 
carrier density dependence of the LSPR frequency) . The, especially for biological 
applications, interesting region of 1000 - 1350 nm, can otherwise only be achieved 
with Au structures larger than 50 nm in at least one dimension.
20-22
 Doped 
semiconductors further behold the advantage that NP size and number of charge 
carriers per NP can be controlled independently. For classical extrinsically doped 
semiconductors, the concentration of charge carriers is defined by the amount of 
impurities, generally fixed during synthesis. On the other hand, copper chalcogenides 
(Cu2-xSe, Cu2-xTe and Cu2-xS) allow as self-doped materials the simple post-synthesize 
charge carrier tuning due to redox reactions. While the stoichiometric compound (x=0) 
has no free charge carriers and behaves like a perfect semiconductor, the charge carrier 
density is created due to copper vacancies upon oxidation. The resulting material is 
(depending on x) strongly p-type doped.
23,24,94
 Binary copper chalcogenides have been 
studied for a diverse range of applications, such as photothermal therapy, bio-imaging, 
bio-sensing, photo-catalysis, and photovoltaics.
34,35,40,105-107
 Furthermore, they have 
been used as starting point for cation exchange reactions leading to ternary Cu-In-S 
and quaternary Cu-In-Zn-S compounds, that are highly promising materials in 
photovoltaics and lightening.
27,86
 
The LSPR of berzelianite NPs can only be measured after oxidation. This is the case, 
because the synthesized stoichiometric Cu2Se cubic berzelianite is an intrinsic 
semiconductor, whose valence band is completely filled. The origin of the valence 
band for the lower regions is mostly based on the Se
2-
 4s orbitals, the bands above 
have a mainly hybridized and 3d character from the Cu
+
. The top of the valence band 
arise from the Se
2-
 4p bands. The conduction band is originating in the 4s and 4p 
orbitals of Cu
+
.
108
 Approximately each chalcogen atom contributes with six 4p 
electrons and each Cu atom with one 4s electron to the bonding.
31
 Hence, the removal 
of a copper atom results in the formation of hole in the valence band. As the top of the 
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valence band has mainly contributions from the chalcogen, this will mostly affect the 
chalcogen valency.
31
 The XPS study on copper chalcogenides have shown, that during 
oxidation the Cu
+
 state does not change within the crystal structure, but rather the 
valence of the chalcogen is increased starting from -2.
56,109
 The formation of the 
corresponding Se-Se bindings was furthermore shown by the presence of the 
corresponding vibrational mode for sub-stoichiometric samples in Raman analysis.
95
 
However, earlier studies have also shown the occurrence of Cu
2+
 in XPS studies, and 
additionally detected the formation of a copper oxide layer.
110
 The two observations 
can be brought into accordance with each other by assuming that within the Cu2-xSe 
crystal structure, only Cu
+
 is present and Se-Se formation compensates the copper 
deficiency. In contrast, the expelled copper atoms form CuO, either as a surface 
layer
94,110
 or small homogeneous nucleated CuO nanoparticles,
24
 which cause the Cu
2+
 
XPS signal. The cubic berzelianite crystal structure of Cu2-xSe NPs does not change 
significantly during the incorporation of the vacancies (for x≤0.2), resulting in a 
relatively unperturbed band structure with incorporated vacancies in the valence 
band.
24,108
  
In the case of the Cu1.1S covellite nanoplatelets, reported by Xi et al., a strong LSPR 
can be already measured for the as synthesized sample before exposure to air. The 
origin of the free holes in case of this material, are lattice constitutional free holes of 
the stoichiometric compound, resulting in its strong p-type metallic character.
56,111
 
Stoichiometric covellite CuS is composed of triangular CuS3 units between two layers 
built up from CuS4 tetrahedra. This triple layer is connected to its proceeding and its 
subsequent triple layer by disulfide bonds.
56
 Despite the fact that the structure is still 
under debate, recent studies suggest that copper is only present in monovalent state, 
and the valence of sulfur equals (-1). However, some studies suggest that all sulfur 
atoms have a valency of (-1) ((Cu
1+
)3(S2
2-
)(S
1-
))
112
, whereas others suggest only the 
average is (-1) ((Cu
1+
)3(S2
-
)(S
2-
))
113
.
56
 The addition of Cu
+
 ions to covellite 
nanoplatelets leads to an increase of the copper to sulfur ratio up to 2:1, accompanied 
by the structural change to a metastable phase and subsequently to (a mixture) of the 
anilite (Cu2-xS), and finally chalcocite (Cu2S) phase. Following the increase of the 
copper content, the disulfide bonds are broken, and the concentration of free holes 
reduced. The later can be well observed due to the conjunct reduction and 
bathochromic shift of the LSPR band.
56
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The low number of only a few hundreds of charge carriers per NP (for example 
around 400 per 9.2 nm Cu2-xSe NP) results also in a (compared to noble metal NPs) 
larger response due to the addition or removal of only a few electrons for instance 
achieved by redox reactions or attachment of electron donating or trapping 
ligands.
114,115
 To illustrate the theoretical sensitivity of such a process: for a 3 nm NP 
the addition of a single charge carrier equals the increase of the carrier concentration 
by 10
20
 cm
-3
. This corresponds to a LSPR shift of roughly 100 nm.
116
 
A further consequence of the increasing doping, for example in degenerately doped 
Cu2-xSe NPs, is the rise of the observed band gap. It can be measured as a shift to 
higher energies of the band edge in the absorption spectrum. This so called Burstein-
Moss effect is caused because of the increase of copper vacancies, and the 
consequential reduction of electrons in the top of the valence band. The reduction 
causes a shift of the Fermi level to lower energies, until it moves below the top of the 
valence band - this condition is called degenerate. In order to be excited from the 
highest occupied level to the conduction band, electrons need not only the energy 
corresponding to the actual band gap, but also the energy of the Burstein-Moss-shift. 
Consequently, a larger observed band gap is measured.
117,118
 Moreover, in the 
degenerate state the discrete (for low amount of doping) acceptor levels merge to a 
continuous band. At some point this band overlaps with the valence band, resulting in 
the ability to conduct current at T=0 K, as metals do.
119,120
  
Several recent works have shown that the LSPRs of copper chalcogenides behave 
relatively similar to their metallic counterpart. Just as metals
121
 their LSPR broadens 
and bathochromically shifts for very small particles, and is completely damped for NPs 
smaller than 3 nm, because of an increase in surface scattering events.
23,28
 
Furthermore, the bathochromic shift of the maximum position of the semiconductor 
LSPR upon the increase of the refractive index was studied by several 
groups.
23,25,103,122
 This opens the possibility for dielectric environment based sensing in 
the NIR. A further effect on the metal LSPR is achieved by shape control.
98
 
Comparable LSPR modifications have been observed for copper chalcogenide rods, 
platelets and sheets.
41,54,76,94,123,124
 Even so, some works found a lower than expected 
dependence of the LSPR on the shape in copper chalcogenides, which was assigned to 
a partial localization of the free charge carriers.
93,94
 Plasmon coupling occurs when 
metal NPs are in close proximity to each other, resulting a bathochromic shift of their 
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LSPR (when parallel to the interparticle axis).
12,125
 The same effect was also observed 
by Kriegel et al. upon the aggregation of plasmonic Cu1.97S particles.
30
 
While copper chalcogenides are one of the most fiercely studied plasmonic material 
groups in the recent years, and within this thesis, other degenerately doped 
semiconductors are also under continuous investigation. Different doped tin oxides for 
example; especially ITO, which is widely used as thin film in transparent electrodes, 
because of its high conductivity, and high transparency in the visible region. Whereas 
most of these metal oxides cannot be tuned post synthetically (by reduction or 
oxidation), their charge carrier concentration can be defined during synthesis 
independently of size, for instance by defining the tin concentration in ITO NPs.
25,126
 
Further examples are the aluminum or gallium doped ZnO, antimony-doped tin oxide, 
indium cadmium oxide, but also several oxygen deficient metal oxides, such as 
tungsten oxide (WO3-x) or molybdenum oxide.
31,127
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1.5 Metal Organic Framework Composites 
1.5.1 Metal Organic Frameworks 
Metal organic frameworks (MOFs) are crystalline structures composed of organic 
linkers that are connected via metal ions. The metal ions strongly bind with the organic 
molecules forming secondary building units (SBUs), which then connect with each 
other to form 3D-frameworks. The resulting structures are highly porous and exhibit 
an open crystalline framework. Due to their modular nature a vast amount of more than 
20 000 different MOFs with a broad range of functionalities have been reported over 
the last decades. The achieved materials can exhibit enormous internal surface areas of 
1 000 to 10 000 m
2
/g and possess a permanent porosity.
128,129
 
  
Figure 4:  Schematic of the sodalite framework of the cubic ZIF-8, formed by the 
linker molecule 2-methylimidazolte (black sticks) and the tetrahedrally 
coordinated metal ion: Zn
2+
 ions (blue balls). The yellow spheres represent 
the cavities of the framework. 
A fascinating subgroup of the MOFs is the zeolitic imidazole frameworks (ZIFs). 
They are characterized by their structural resemblance to zeolites. This originates from 
the roughly 145° angle of the metal ion-imidazolate-metal ion binding, which is 
similar to the Si-O-Si bonding angle in zeolites. Due to variation of the metal ion 
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(Zn
2+
, Co
2+
, Cu
2+
 and Fe
2+
) and the imidazole ligand various ZIF structures have been 
fabricated in recent years. One of the most predominate ones being the ZIF-8, with the 
SBU Zn(mim)2 (mim= 2-methylimidazolate). It shows an outstanding chemical 
stability to boiling alkaline water and organic solvents as well as high thermal stability 
up to 550 °C.
128,130-132
 In the ZIF-8 structure one Zn
2+
 ion is always coordinated to four 
2-methylimidazolates, forming a cubic sodalite topology (see  
Figure 4). Spherical cavities with a diameter of 11.6 Å are formed out of eight six-
membered rings and six four-membered rings.
130
 The pores formed by the connection 
of the six-membered ring exhibit a diameter of 3.4 Å. Furthermore, recent articles 
showed that due to a gate opening effect also large molecules can jump between 
cavities.
130,133
 The ZIF-8 structure possesses a surface area of 1947 m
2
/g. 
The high surface areas and defined regular structures fuelled the research for 
multiple possible applications of MOFs and specifically ZIFs. Particularly, gas storage, 
gas separation, catalysis as well as sensing are under investigation during the last 
years.
128,129,131,132,134,135
 
1.5.2 NP@MOF-Composites 
In order to enhance the functionalities and properties of MOFs, one approach is the 
post synthetic modification. Typical approaches are covalent linker modification, 
covalent SBU modification, as well as linker exchange and transmetalation of the 
metal based framework nodes.
136-140
 However, a different way that is opening a 
completely new range of possibilities, is the functionalization of MOFs by 
incorporating nanoparticles.
141-148
  
The preparation of MOFs with novel properties due to the incorporation of NPs can 
be grouped into two different routes. The “ship-in-a-bottle” approach, for this one the 
precursor molecules are immobilized inside the preformed MOF, and are treated in situ 
to transform to the desired NP. The precursors can be brought into the pores of the 
MOF by chemical vapor infiltration or by solution impregnation, and are reacted due 
to reducing agents, heat or radiation in a second step. As the cavities of the MOF are 
acting as templates, the resulting NPs are generally very small. Even so, this approach 
is possibly well scalable the “ship-in-a-bottle” method lacks shape and composition 
control, which can be essential especially for catalytic or sensing applications. The 
alternative is the “bottle around the ship” approach, where preformed NPs are 
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encapsulated by the growing MOF. It allows for a full control of NP size, shape, 
composition (as far as the appropriate synthesis protocols exist), and the positioning 
inside the framework. A blocking of the pores is avoided (the MOF is growing around 
the nanoparticles), as well as deposition of the nanoparticles on the surface of the 
MOF.
143,144,146-149
 Until today, several publications have reported the synthesis of 
multiple semiconductor NP@MOF (e.g. CdS@MIL-101, CdSe/CdS/ZnS@MOF-5, 
ZnO@ZIF-8, ZnO@MOF-5,...)
148
 and of metal NP@MOF composites (e.g. 
Au@MOF-5, Au@ZIF-8, Ag@ZIF-8, Pt@ZIF-8,...).
141,147
 The plasmonic properties of 
metal NPs embedded in MOFs have been used for example in sensing applications 
(e.g. Au nanorods@MOF-5 composites for size selective surface enhanced Raman 
scattering sensing).
145,150
 Our report of the fabrication of Cu2-xSe@ZIF-8 and 
ITO@ZIF-8 composites, however, described for the first time the combination of the 
versatility of plasmonic semiconductor NPs, with the permanent porosity of MOFs. 
The access through the pores, allows the development of the LSPR from 
Cu2-xSe@ZIF-8 composites through oxidation. Furthermore, the ZIF-8 gates are large 
enough for Hg
2+
 and Ag
+
 ions to diffuse into the structure, enabling an in situ cation 
exchange to a HgSe@ZIF-8 and Ag2Se@ZIF-8 composites as will be shown in chapter 
4.  
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2.1 Summary 
As described in section 1.4, Cu2-xSe as well as Cu1.1S are exhibiting an LSPR caused 
by valence band holes. Even though their origin differs, as in berzelianite they 
originate from copper vacancies, while in covellite the free electron holes are lattice 
constitutional, they both can be tuned postsynthetically. The LSPR of Cu2-xSe can be 
tuned reversibly by oxidation and respectively by addition of reducing agents or Cu(I) 
ions. On the other hand, the Cu(I) addition to Cu1.1S NPs leads to structural changes 
that are accompanied by the reduction of free charge carriers, and the subsequent shift 
and damping of the resonance band. However, both systems are still very sensitive to 
the exposure to air, making the achieved changes non-permanent. Hence, this chapter 
explores and compares cation exchange, and cation intercalation experiments to 
achieve a tunable LSPR which is stable under ambient conditions. Furthermore, copper 
chalcogenide- metal hybrids are grown, and the effect of the interaction of the metal 
LSPR with the LSPR of the copper chalcogenide is studied. 
Chapter 2.2 compares the effects of the treatment of the two copper chalcogenide 
systems with Cu(I) ions and the effects of their treatment with Ag(I) ions. Although 
the treatment of both plasmonic samples with Cu(I) lead to a hypsochromic shift and 
damping, the same behavior was only observed for the Cu1.1S system when Ag(I) was 
intercalated. The treatment of Cu2-xSe system with Ag(I) resulted in a cation exchange 
with Ag(I) that resulted in a LSPR damping without an accompanying hypsochromic 
shift. This was assigned to the emergence of charge carrier scattering centers within 
the NPs. On the other hand, the observations for Ag(I) treatment of the covellite 
system are assigned to cation intercalation as the Ag(I) ions break the S-S bonds 
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between the layers in a similar way that Cu(I) does. Hence, for Cu2-xSe NPs an 
increasing damping constant was measured for an increasing silver concentration. This 
was not observed for the Cu1.1S NPs. The changes induced by the Ag(I) treatment in 
both systems are furthermore non-reversible upon oxygen exposure. The partial cation 
exchange of Cu1.1S with Au(I) in a reducing environment is leading to a similar optical 
response, and is forming Au2S-Cu1.1S core-crown NP, which is rather comparable to 
observations in a later work by Xie et al., as discussed in chapter 1.2.3. 
The growth of Au domains on Cu2-xSe NPs, resulting in a dual plasmonic hybrid NPs 
(Au-Cu2-xSe) is reported in chapter 2.2 as well. The resulting particles exhibit a clear 
absorption band of the Au LSPR, as well as of the Cu2-xSe LSPR. The later can 
furthermore be tuned by Cu(I) and Ag(I) addition, as previously described for pure 
Cu2-xSe NPs. The two LSPRs, especially for Au domains up to 8.0 nm, are only 
weekly coupled, which is apparent by the small changes of the Au LSPR position 
during the reduction experiments of the Cu2-xSe domain with Cu(I). This unexpected 
observation is in contrast to some previous reports, which observed a merge of the two 
plasmon bands in the absorption spectra due to charge redistribution between the two 
domains. The observed difference was assumed to be caused by a charge carrier barrier 
between the domains, possibly due to the reverse growth strategy at room temperature 
that was applied in this work. 
Chapter 2.3 examines two other metal-semiconductor hybrids. Starting form Cu2-xSe 
and Cu1.1S NPs, the growth of a CuPt respectively Pt domains is presented, and the 
resulting hybrid NP are characterized. In contrast to the Au-Cu2-xSe NPs, the formation 
of a cubic CuPt alloy domain is observed on the Cu2-xSe NPs, whose formation is 
accompanied with a strong bathochromic shift, and full damping of the LSPR for Se:Pt 
ratios larger than 1:0.25. The rapid damping cannot fully be explained by 
crystallographic changes. Hence, the strong damping, observed even for small Pt 
amounts was assigned to electron injection into the Cu2-xSe domain, causing a 
reduction of the electron holes in the valence band. The Pt domains on Cu1.1S NPs (one 
to multiple, 2-3 nm in size each), result in a comparable (complete) damping and 
bathochromic shift of the copper chalcogenide LSPR. As the structural 
characterizations (XPS, EDX and XRD) did not show any signs of cation exchange or 
intercalation, this fact was assigned to a combination of electron injection from the 
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metallic Pt into the copper chalcogenide domain, as well as a crystallographic phase 
change of the copper chalcogenide domain.  
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3.1 Summary 
As already discussed, plasmonic Cu2-xSe NPs are considerable sensitive to their 
environment. On the one hand, this is based on the influence of the dielectric 
environment on the LSPR (as discussed in chapter 1.3), and on the other hand, on the 
influence of oxidative and reductive compounds that cause a shift of its resonance band 
maximum. This fact represents an advantage since the LSPR can be tuned as needed, 
but at the same time it can be a challenge when stable NPs with a fixed plasmon are 
needed for example in biological applications such as photo thermal therapy. A typical 
method in colloidal nanotechnology to achieve the shielding of a core material from its 
surrounding medium, is the growth of a shell composed of a different material to 
protect its properties. 
Chapter 3.2 explores the growth of protective ZnS shells on Cu2-xSe NPs, and 
characterizes the properties of the resulting Cu2-xSe@ZnS core@shell particles. The 
chapter describes the thickness-controlled growth of homogeneous, closed and 
crystalline ZnS shells. The synthesis was designed with the requirement to avoid Zn
2+
 
cation exchange into the core Cu2-xSeNP. This was achieved first, by starting from 
Cu2-xSe NPs with no or little copper vacancies, and second by choosing a reaction 
medium free of phosphines. The solid state characterization, comprising high 
resolution electron microscopy and XRD, showed high crystallinity of the shells, and 
no changes to the core material. The optical characterization further showed that the 
core particles can still be oxidized under air. However, this process is considerably 
slowed down through the ZnS shells from a few hours to several days. In contrast to 
the oxidation, the ZnS shell successfully suppressed the reduction of the Cu2-xSe core, 
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even when exposed to strong reducing agents such as BTB and DIBAL. Hence, this is 
proving the protection of the core NP from the environment by the shell. Moreover, 
measured absorbance spectra are compared with electrodynamic simulations for the 
studied core@shell NPs, exhibiting a smaller bathochromic shift for the measurements 
compared to the simulations. This was explained by deviating oxidation states (values 
of x) of the Cu2-xSe core for the real samples. The chapter shows a synthetic method 
enabling the shielding of plasmonic Cu2-xSe NPs from the surrounding environment. 
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4.1 Summary 
Combining the outstanding optical properties of degenerately doped semiconductor 
NPs with the ones of MOFs, gives rise to composites that promise a vast amount of 
possible applications in sensing and catalysis. As described in chapter 1.5.1, MOFs are 
characterized by their homogenous framework with defined cavity and gate sizes, as 
well as high surface area. The following chapter 4.2 describes the fusion of their 
exceptional properties with the tunable plasmonic resonances of degenerately doped 
semiconductor NPs in composite particles. Specifically, the successful encapsulation 
of the plasmonic NPs in ZIF-8 is presented, resulting in Cu2-xSe@ZIF-8 and 
ITO@ZIF-8 particles, representing typical examples of p-type and n-type doped 
semiconductors, respectively.  
The presented fabrication procedure allows independent control over composite 
particle’s size and NP loading. The comparison of the NP’s and composite’s spectra 
show the preservation of the LSPRs during the encapsulation process. Moreover, the 
LSPR of the Cu2-xSe NPs could still be tuned by oxidation while already being 
integrated in the Cu2-xSe@ZIF-8 composite. The integration of the NPs was achieved 
without crystallographic changes compared to the starting NPs. Electron microscopy 
revealed that the NPs were fully built in the composite without agglomeration. 
Elemental mapping with EDX in STEM mode further verified the composition 
dispersion within the composite, confirming the assignment of the high contrast 
regions to the integrated NPs.  
The suitability of Cu2-xSe NPs for cation exchange reactions is well studied in 
literature (see chapter 1.2.3) and is also discussed in chapter 2.2. Hence, cation 
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exchange reactions were used to show the accessibility of the NPs within the 
Cu2-xSe@ZIF-8 composites. Due to a gate size of 3.4 Å the ZIF-8 allows the diffusion 
of added Hg(II) and Ag(I) ions to the embedded Cu2-xSe NPs. A full cation exchange, 
producing HgSe@ZIF-8 and Ag2Se@ZIF-8 composites, was achieved within 90 min. 
Electron microscopy analysis (incl. EDX), as well as XRD showed the full exchange 
of the Cu2-xSe NPs, without influencing the composition or structural integrity of the 
metal-organic framework. With this experiments the accessibility of the physically 
from the environment separated, and from agglomeration protected semiconductor NPs 
is proven.  
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Exchange  
Andreas Wolf, Lisa Diestel, Franziska Lübkemann, Torben Kodanek, Tarek 
Mohamed, Jürgen Caro and Dirk Dorfs 
 
Chemistry of Materials 2016, 28, 7511-7518. 
 
Reprinted (adapted) with permission from Chemistry of Materials. Copyright 2016 
American Chemical Society. 
 
DOI: 10.1021/acs.chemmater.6b03425 
Supporting Information is also available online on the journal’s website. 
 
 
  
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
83 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
84 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
85 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
86 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
87 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
88 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
89 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
90 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
91 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
92 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
93 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
94 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
95 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
96 
 
 
4 Encapsulation of Plasmonic Semiconductor NPs in a Porous Shell 
97 
 
5 Closing Remarks 
98 
5 Closing Remarks 
The main focus of the present thesis is the controlled modification of the LSPR of 
plasmonic copper chalcogenide particles; in particular, from the degenerately self-
doped Cu2-xSe NPs and of metallic covellite. While Cu2-xSe NPs exhibit a plasmon 
only after oxidation, due to the formation of copper vacancies and the conjunct 
increase of free electron holes in the valence band, covellite exhibits lattice 
constitutional free electron holes. This work demonstrated different approaches to tune 
their LSPR, to increase the optical stability under air exposure, as well as against 
exposure to strong reducing agents. Furthermore, not only the influence of metallic 
domain growth onto these particles was analyzed, but also their implementation and 
behavior as part of functional plasmonic NP@MOF composites.  
Firstly, in chapter 2 the stability of the LSPR from berzelianite and covellite NPs was 
assessed after their treatment with Cu(I) ions. The optical characterization showed that 
the plasmon resonance continued to shift hypsochromically after the treatment, making 
the achieved adjustments non-permanent. To overcome this fact, in a further step the 
stability after their treatment with Ag(I) was evaluated. The characterization showed a 
nearly permanent LSPR tuning. Optical and solid state characterization suggested that 
in Cu2-xSe NPs Ag(I) exchanges Cu(I), resulting in a controllable damping with only 
minimal shifting of the maximal LSPR wavelength, because of an increase in 
scattering centers. In contrast, the treatment of covellite NPs with Ag(I) resulted in a 
bathochromic shift and damping, comparable to the observations after Cu(I) treatment. 
This showed that Ag(I) ions intercalate under braking the S-S bonds, instead of 
exchanging the Cu(I) ions. Au(I) treatment on the other hand, added in an reducing 
reaction environment, resulted in a partial cation exchange under the formation of a 
Cu1.1S-Au2S core-crown structure.  
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Chapter 2 also analyzes the effect of the growth of metallic domains on the 
plasmonic copper chalcogenide NPs. In section 2.2 the fabrication procedure of Au-
Cu2-xSe hybrids is developed with controlled Au domain sizes. The hybrid particles 
(up to a Cu2-xSe:Au ratio of 1:056) exhibit two distinct LSPRs: the one in the visible 
region originated from the grown Au domain, and the one in the NIR from the Cu2-xSe 
NP. It was proven by reducing experiments with Cu(I) that they are surprisingly very 
weakly coupled. This was assumed to be caused by a charge carrier barrier between the 
domains, possibly due to the mild reaction conditions compared to previously reported 
hybrids in literature. In section 2.3, it was shown that the attempt to grow Pt domains 
on Cu2-xSe NPs resulted in the formation of CuPt-Cu2-xSe hybrids with one large cubic 
CuPt domain, and additionally several small ones for large Cu2-xSe:Pt ratios (1:8). The 
formation of the alloy domain resulted in a strong damping up to a complete 
disappearance of the seed NP LSPR. While for larger Pt amounts a clear 
crystallographic change could be observed, the damping for smaller Pt amounts was 
assigned to electron injection from the CuPt as a corresponding strong structural 
change could not be observed at this stage. On the other hand, on covellite particles, Pt 
growth results in multiple small, and pure Pt domains on the covellite seeds. The 
damping and finally complete disappearance of the covellite LSPR in the Cu1.1S-Pt 
hybrids was found to be a combination of electron injection and structural changes. 
The difference between the two systems is presumable the harsher reaction 
environments in the Pt growth approach, that most likely lead to a smaller electron 
barrier between the copper chalcogenide and the Pt (or CuPt) domain in comparison to 
the Cu2-xSe-Au hybrids. Hence, chapter 2 presented a clear overview of different ways 
to shift and damp the LSPR of copper chalcogenide NPs in a way that the LSPR shift 
is stable also under ambient conditions, and to fabricate various metal-copper 
chalcogenide hybrids with and without conservation of their LSPRs.  
The objective of chapter 3 was the physical shielding of single plasmonic Cu2-xSe 
NPs from their environment. It showed the development of a growth procedure of ZnS 
shells with defined thicknesses under conservation of the plasmonic properties of the 
Cu2-xSe core NPs. The resulting Cu2-xSe@ZnS core@shell NPs, were achieved without 
Zn(II) cation exchange into the core NP, due to the avoidance of oxidation of the seed 
particles, and a phosphine free reaction medium, both known to facilitate the cation 
exchange in Cu2-xSe. The ZnS shell was proven to be highly crystalline and 
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homogeneous for the 2 presented thicknesses of 1.5 nm and 2.2 nm. Despite the fact 
that the ZnS shell did not prevent the oxygen-induced oxidation of the Cu2-xSe core, it 
slowed it down considerably from a few hours to several days. The results were further 
compared to electrodynamic simulations, which suggested a variation of the final 
degree of oxidation. Most significantly is the behavior of these core@shell particles 
when treated with strong reducing agents. While the blank Cu2-xSe NPs were reduced 
as expected, the LSPR of the NPs with a ZnS shell was not altered even with 
prevalence of harsh environment conditions. For these reasons, they could represent an 
innovative and interesting option for future applications in different areas including 
bio-imaging and photothermal therapy. 
After achieving the complete encapsulation of the plasmonic NPs, the next step was 
the fixation of these NPs in a matrix that allows access to the particles. Chapter 4 
presents the accomplishment of this with the synthesis of Cu2-xSe@ZIF-8, as well as 
ITO@ZIF-8 composite particles. Multiple of the p-type, vacancy doped Cu2-xSe NPs 
or n-type, tin doped ITO NPs were incorporated in a single ZIF-8 particle with a 
composite size of 280-600 nm. The synthesis method presented allows the fabrication 
of composites with independently tunable NP loading and size. The LSPRs of both 
systems were conserved during the composite fabrication. Even though the LSPR of 
the Cu2-xSe@ZIF-8 composite was still tunable by oxygen exposure, ITO@ZIF-8 was 
found to be stable under ambient conditions. Hence, both are interesting for sensing 
applications, for example: Cu2-xSe@ZIF-8 can be applied to detect oxidizing or 
reducing chemicals, while ITO@ZIF-8 is highly sensitive to changes of the dielectric 
environment. Furthermore, the ZIF-8 host allows certain size discrimination, and 
prevents the agglomeration of plasmonic NPs that would considerably alter its optical 
properties. The direct synthesis of NPs and composites is often the preferred approach; 
however, it might not always be possible. Consequently, the conversion of the 
Cu2-xSe@ZIF-8 composites to HgSe@ZIF-8 and Ag2Se@ZIF-8 by in situ cation 
exchange was developed. This straight forward reaction showed, on the one hand the 
accessibility of the embedded NPs, and on the other hand an approach to simply switch 
the functional center of a composite without the need of developing a new synthesis 
strategy. The ZIF-8 structure was conserved unaltered during this cation exchange. As 
for ZIF-8 a gate opening effect was reported in literature, the formation of composites 
with more rigid MOFs should be explored in future. Furthermore, the incorporation 
5 Closing Remarks 
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into electrical conducting MOFs might be an interesting further research area, enabling 
e.g. photovoltaics and sensing. The composites might be also interesting for 
photocatalysis.  
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